Abstract Double minute chromosomes (dmin) are cytogenetic hallmarks of amplified genes. Using spectral karyotyping (SKY) and comparative genomic hybridization (CGH), we identified the origin of amplified DNA in a leukemic cell line, KY821, that harbors numerous dmin. The SKY revealed that the DNA sequences of dmin are derived from materials of chromosome 8, and CGH showed a high degree of overrepresentation only at 8q22-24, indicating that in KY821 only chromosomal material of 8q22-24, containing MYC, is amplified in dmin. An approach combining SKY with CGH should facilitate efforts to identify novel chromosomal regions of gene amplification and contribute information about genetic lesions that underly neoplastic tumors.
Introduction
Recently two advanced techniques for molecular cytogenetic analysis of neoplastic tumors were established on the basis of fluorescence in situ hybridization (FISH). Comparative genomic hybridization (CGH) provides an overview of changes in the copy number of DNA sequences, such as losses, deletions, gains, and amplifications in a tumor specimen, and maps these changes on normal chromosomes (Kallioniemi et al., 1992; duManoir et al. 1993) . Spectral karyotyping (SKY) (Schrock et al. 1996) , and multiplex-FISH (Speicher et al. 1996) , allow simultaneous and differential color display of all human chromosomes. Together, these techniques can provide valuable information about complex cytogenetic alterations in neoplastic cells that are not definable by conventional cytogenetic studies.
Double minute chromosomes (dmin) and homogeneously staining regions (HSRs) are cytogenetic hallmarks of gene amplifications (Stark et al. 1989) . In hematological malignancies, for example, MYC amplifications have frequently been reported on dmin (Alitalo et al. 1985 (Alitalo et al. , 1986 ). KY821, a leukemic cell line established from bone marrow cells of a patient with acute myelogenous leukemia (Ohta and Kishi, 1984) shows a number of dmin (Fig. 1A ) in a tetraploid chromosomal constitution.
Southern and in-situ hybridization techniques have given no evidence of MYC or dehydrofolate reductase (DHFR) gene amplification in the parent cells, and no DNA sequences amplified on KY821 dmin have been defined as yet, although DHFR was confirmed to be amplified on dmin of two methotrexate (MTX)-resistant sublines (Saito et al., 1992) . In the present study we demonstrate that a combined approach with SKY and CGH can successfully identify amplified sequences on dmin in KY821. The parent cell line KY821 was a kind gift from Dr. Kishi, who originally established this cell line (Ohta and Kishi 1984) .
Materials and methods

SKY
SKY employs the SKY hybridization and detection kit (Applied Spectral Imaging [ASI], Migdal Haemek, Israel) to display simultaneously all human chromosomes in 24 different colors (Schrock et al. 1996; Garini et al. 1996; Veldman et al. 1997 ) by means of five fluorescent dyes (Spectrum Orange, Texas Red, Cy5, Spectrum Green, and Cy5.5); the spectrum of each of these dyes is used as a reference spectrum. The distinction between the dyes is performed with Identification of amplified DNA sequences on double minute chromosomes in a leukemic cell line KY821 by means of spectral karyotyping and comparative genomic hybridization reference DNA hybridization to set the boundaries of gain and loss. Ratios above 1.2 and below 0.8 were considered to represent chromosomal gain and loss, respectively.
Southern-blot analysis
Southern-blot analysis was performed according to standard protocols (Sambrook et al. 1989 ) for confirmation of MYC amplification in KY821. Genomic DNA from the KY821 cell line and from mononuclear cells from the normal volunteer were extracted and completely digested with EcoRI; six µg of each DNA was electrophoresed in a 0.8% agarose gel. The DNA was denatured in 0.4 N NaOH, then transferred to a nylon filter. A 25-ng aliquot of MYC probe (Alitalo et al. 1983 ) was labeled with 32 P using random primers, and hybridized to the prehybridized filter.
Results and discussion
To identify the origin of the dmin manifested in the parent cell line KY821, the spectrum for the dmin was compared with spectra measured for the 24 different combinations representing all 24 different chromosomes. The spectrum for the dmin was similar only to that for chromosome 8 labeled with Spectrum Green, showing that the DNA sequences of the dmins were derived from materials present on chromosome 8 (Fig. 1b) .
On CGH analysis, DNA from KY821 showed a strongly green fluorescent signal at 8q22-24 (Fig. 2a) . The profile of the green-to-red fluorescence ratio along the length of chromosome 8 showed an overrepresentation exceeding a threshold value of 2.0 and was defined by a sharp peak at the upper half of the 8q24-band where MYC is located. The profiles of each chromosome other than chromosome 8 did not reveal a high-level shift exceeding a threshold value of 1.4. These findings, together with the results of the SKY method, indicated that an overt amplification of DNA sequences in KY821 is derived from the 8q22-24 region and is present as dmin.
Cytogenetic evidence of gene amplification can be manifested as either HSR or dmin, although low-level amplification may be present without visible cytogenetic alterations (Stark et al. 1989) . Although the KY821 parent cell line constitutionally exhibits dmin, previous studies using Southern and in-situ hybridization techniques yielded no evidence for amplification of either MYC or DHFR (Saito et al. 1992) .
It remains possible that a novel DNA target(s), containing genes associated with cell growth and differentiation, is amplified in KY821. However, the SKY technique revealed that the origin of DNA sequences in the KY821 dmin is derived from materials of chromosome 8. Further, CGH analysis showed a high degree of overrepresentation in the ratio profile, defined by a sharp peak only at 8q22-24. These results indicate that in KY821 only chromosomal material the SkyView system (ASI), whose software identifies each chromosome by its unique combination of reference spectra (Schrock et al. 1996) . We prepared metaphase slides from KY821 cells by standard procedures, and fixed the spreads in methanol/acetic acid (3 : 1). The cell suspensions were dropped onto precleaned slides and rinsed with 70% acetic acid to remove excess cytoplasm. Before in-situ hybridization, metaphase slides were treated with 0.01% pepsin to remove remaining cytoplasm.
A 10-µl aliquot of denatured SKY probe mixture was added to denatured chromosome preparations and the slides were incubated in a humidified chamber at 37°C for 48 h. Biotinylated sequences were visualized with avidinCy5 and digoxigenin-labeled sequences by incubation with an anti-mouse digoxin antibody, followed by a goat antimouse-antibody conjugated with Cy5.5. In this study, the probes directly labeled with fluorochrome conjugates did not require additional detection steps. Chromosomes were counterstained with 4,6-diamino-2-phenylindole (DAPI).
The multicolor hybridizations were visualized using the SpectraCube SD200 system (ASI) attached to an epifluorescent microscope (Olympus, Tokyo, Japan) via Cmount. This apparatus consists of an optical head with a Fourier-transform spectrometer (Sagnac interferometer) to measure the spectrum, and a cooled charge-coupled device (CCD) camera (Hamamatsu Photonics, Hamamatsu, Japan). An interferogram was generated at all image points that were deduced from differences in the optical path, which, in turn, depend on the wavelength of emitted fluorescence. Each spectrum was recovered by Fourier transformation, and converted to display colors (Fig. 1b) .
CGH
CGH analysis was performed essentially as described by Kallioniemi et al. (1994) . Briefly, high-molecular-weight DNAs extracted from cell line KY821 and normal (reference) DNA were directly labeled by nick-translation with Spectrum Green-5-dUTP (Vysis, Downers Grove, IL, USA) and Texas Red-5-dUTP (NEN-Dupon, Boston, MA, USA), respectively. Equal amounts (200 ng) of KY821 and normal DNAs were coprecipitated with 15 µg of Cot-1 DNA (GIBCO/BRL, Gaithersburg, MD, USA) and resuspended in hybridization mixture before in-situ hybridization. For comparison, metaphase spreads were prepared from phytohemagglutinin (PHA)-stimulated lymphocytes from a normal male volunteer. After hybridization, the slides were washed and the chromosomes counterstained with DAPI to permit identification of chromosomes. Fluorescent hybridization signals and DAPI-staining patterns were captured with a CCD camera (Photometrics, Tucson, AZ, USA) attached to a Nikon Eclipse 600 epifluorescent microscope and processed using a Quips image analysis system (Vysis). The software calculated the ratios of greento-red fluorescent signals along the length of each chromosome. The average of readings from four chromosomes were graphed for each chromosome and compared with the profile for the same chromosome in the reference DNA/ of 8q22-24, containing MYC, is amplified in dmin. Indeed, we confirmed MYC amplification on the dmins in KY821 by a conventional FISH technique (data not shown). Furthermore, Southern-blot analysis confirmed amplification of the MYC gene in KY821 without ambiguity (Fig. 2b) .
Chromosomal regions known to involve DNA amplification frequently contain genes that may confer resistance to chemotherapeutic agents or function as oncogenes that encode growth regulators such as growth receptors, intracellular-signaling molecules, transcription factors, or cell-cycle regulators. Thus, the identification and genetic characterization of new chromosomal areas harboring amplified genes in malignant tumors can provide useful information not only for understanding the underlying genetic lesions within these tissues, but also for identification of novel genes associated with tumor growth or drug resistance. The results reported here show that CGH and SKY should help to determe the presence and the chromosomal locations of heretofore undetected regions of amplification and to identify novel amplified genes. 
